Pathogens are exposed to toxic levels of copper during infection and copper tolerance 23 may be a general virulence mechanism used by bacteria to resist host defences. In support of 24 this, inactivation of copper-exporter genes has been found to reduce the virulence of bacterial 25 pathogens in vivo. Here we investigate the role of copper-hypertolerance in methicillin 26 resistant Staphylococcus aureus. We show that a copper-hypertolerance locus (copB-mco), 27 carried on a mobile genetic element, is prevalent in a collection of invasive S. aureus strains 28 and more widely among clonal complex 22, 30 and 398 strains. The copB and mco genes 29 encode a copper efflux pump and a multicopper oxidase, respectively. Isogenic mutants 30 lacking copB or mco had impaired growth in subinhibitory concentrations of copper. Transfer 31 of a copB-mco encoding plasmid to a naive clinical isolate resulted in a gain of copper-32 hypertolerance and enhanced bacterial survival inside primed macrophages. The copB and 33 mco genes were upregulated within infected macrophages and their expression was 34 dependent on the copper sensitive operon repressor CsoR. Isogenic copB and mco mutants 35
part of an operon, under the regulatory control of CsoR through binding to P copB . There is no 144 obvious CsoR binding sequence within the short intergenic region (14 bp) between copB and 145 mco or in the 3' sequence of copB (2). To study the role of the copper sensitive operon repressor CsoR in copper tolerance, 150 site-directed mutagenesis was carried out on the csoR genes on the chromosomes of 14-151 2533T (CC22) and the CC30 strain MRSA252 to introduce amino-acid substitutions 152 (C41A/H66A/C70A) that generate the copper-insensitive CsoR variant (CsoR CHC) ( Table   153   S1 ). 154 The MRSA252 strain carries a chromosomally-integrated plasmid carrying the copB-155 mco locus and was more tolerant to copper (MIC = 8 mM) than its isogenic CsoR CHC 156 mutant (5 mM) ( Table 1) , showing that CsoR represses the copper-tolerance phenotype in TSB containing a sub-inhibitory concentration of copper (4 mM, Fig. 2C ). MRSA252 grew 177 more quickly and reached a higher OD 600 than the copper-non-responsive regulatory mutant 178 MRSA252 CsoR CHC, but not in media without copper (Fig. 2D ). Transcription of copB and 179 mco from pSCBU at sub-inhibitory concentrations of CuCl 2 was quantified by Reverse 180 Transcription quantitative PCR (RT-qPCR, Fig. 2E ). A 5-to 12-fold increase in the 181 abundance of transcript was measured for mco and copB in TSB cultures supplemented with 182 sub-inhibitory concentrations of CuCl 2 (4 mM), which confirmed that expression of copB-183 mco is copper-inducible. RNA transcripts of mco or copB were not detected in their 184 respective deletion mutants ( Fig. 2E , S1 & S3), as expected. Inducible copper-dependent 185 expression of the other gene was detected in the mutants, showing that the respective gene 186 deletions had not obstructed transcription of the other gene in this operon from the P copB 187 promoter ( Fig. 2E ). Copper has previously been shown to be critical for the killing of bacteria following 192 phagocytosis (7). In the presence of copper, activated macrophages up-regulate expression of 193 the copper importer, CTR1, and commence trafficking of the P-type ATPase ATP7A to the 194 phagolysosomal membrane, which leads to an enhanced killing of intracellular bacteria (7, 195 10).
196
To investigate whether bacterial tolerance to copper might influence the outcome for S2) (7, 27). IFNɣ-activated macrophages internalised the wild-type and mutants at similar 202 levels (data not shown). However, 3 h post-phagocytosis, intracellular levels of bacteria were 203 significantly different between the strains. The 14-2533T (pSCBU) strain survived inside the 204 macrophages at significantly higher levels than 14-2533T without the plasmid (Fig. 3A ).
205
Importantly, the copper-susceptible copB and mco mutants had a survival defect compared to 206 their parent strain 14-2533T, suggesting that copper tolerance in S. aureus prevents killing by 207 macrophages (Fig. 3A) . The CsoR CHC mutant of 14-2533T (pSCBU) did not show a 208 significant survival defect in macrophages ( Fig. 3A ), probably reflective of the fact that 209 plasmid-encoded CsoR-regulated genes are not efficiently repressed in this strain (Table 1, To determine if the copB and mco genes are expressed by bacteria residing inside 213 activated macrophages, RT-qPCR was performed using RNA obtained from intracellular 214 bacteria at 3 h post infection. The relative transcription levels were compared between the to be 44-and 28-fold upregulated, respectively, in wild-type MRSA252 compared to 217 MRSA252 CHC recovered from infected macrophages (Fig. 4A ). This demonstrated that a) 218 copB and mco are expressed by S. aureus inside the macrophage, and b) that this expression 219 is CsoR-dependent within immune cells (Fig. 4A ). The same experiment was carried out with 220 14-2533T (pSCBU) and showed that copB and mco are expressed intracellularly in 221 macrophages ( Fig. 4B ). However the increase in expression of copB and mco was much less 222 for 14-2533T (pSCBU) than in the MRSA252 strain ( Fig. 4B ), which is consistent with 223 susceptibility results (Table 1 and 232 aureus 14-2533T (pSCBU) had an increased ability to survive in whole human blood 233 compared to the 14-2533T strain without the pSCBU plasmid ( Fig. 5A ). This protection from 234 killing in blood was due to copper resistance genes since the mco and copB mutants had a 235 survival defect, similar to the plasmid-deficient 14-2533T strain (Fig. 5A ). Protection from 236 killing in blood could be attributed to resistance to phagocytic killing since incubation in the 237 cell-free plasma fraction of the same blood under the same conditions yielded similar CFUs 238 for wild-type and mutants (Fig. 5C ).
The CsoR CHC mutant of MRSA252 had a significant defect in whole blood survival 240 compared to the wild type but did not show a defect in growth in plasma ( Fig. 5B, 5D ). This 241 showed that failure to de-repress CsoR-regulated genes (Fig. 1 ) impaired the ability of S. 242 aureus to survive in blood. Together these results show the importance of copper 243 hypertolerance genes for S. aureus to resist cellular killing in human blood.
245
The copB-mco operon is carried by invasive S. aureus isolates and by strains belonging 246 to CC22, CC30 and CC398.
247
The prevalence of the copB-mco operon was investigated by interrogating the whole 248 genome sequences (WGS) of 308 invasive S. aureus isolates (28) from hospitals across 249 Europe. Mapping the copB-mco sequences against the WGS showed that this operon was 250 present in 55 of the invasive isolates (17.9%). The copB and mco genes were carried by 251 isolates from two major clonal complexes (CC) within the population; CC22 and CC30, and 252 also a single CC8 isolate. All CC30 strains carried the copB-mco operon. The most prevalent 253 sequence type (ST) in the CC30 population carrying copB-mco was ST30, but ST2868, ST36 254 (EMRSA-16), ST2858, ST2864, ST2879, ST39, ST1829, ST2862, ST2881, and ST34 255 isolates also carried copB-mco. Among the CC22 strains, 50% were found to carry the operon 256 and all of them belonged to ST22 apart from one ST2877 isolate. In summary, copB-mco 257 was found to be present in invasive S. aureus strains from across Europe but predominantly 258 in isolates from two important clonal groups, CC22 and CC30 (28).
259
To further explore the presence of copB homologs as well as related copper tolerance 356 Plasmid pSCBU was extracted from strain SASCBU26 (33) and used to transform 357 strain 14-2533T (Table S1 ). Mutations in S. aureus, including deletions in the native plasmid 358 pSCBU (Table S1; Fig. S1 ), were introduced using pIMAY (34). Plasmid deletions in the 359 copper tolerance genes, pSCBUΔmco and pSCBUΔcopB, were isolated in the 14-2533T 360 (CC22) background (Table S1, Fig. S1 ). It was necessary to purify and reintroduce each 361 validated mutated plasmid into a clean background in order to eliminate a mixed population 362 containing a mutated and wild type copy of this multi-copy plasmid (2). (43). 499 We used the copA, copB and copL genes from TCH1516 and mco from CA12 to search for 500 closely related genes in the genus Staphylococcus in GenBank (wgs and nr databases, 9222 501 genomes as of 08/16/2017), using BLAST (tblastx with a cutoff value 1e-130 for copA, copB 502 and mco while 1e-90 for copL) (44). The four genes were mapped to the three trees as high- The data presented by this study represent the means ± SD of three experiments 509 unless otherwise stated. Statistical significance was assessed using two-way ANOVA and 510 indicated as * for P<0.05, ** for P< 0.001 and *** for P< 0.0001, unless otherwise stated. to the putative promoters upstream of copA (P copA ), copB (P copB ) and mco (P mco ). A) a MIC, minimal inhibitory concentrations determined using a microdilution method, b ch, gene is incorporated into the chromosome, c NE, gene is not carried by the strain, d p, gene is carried on a replicating plasmid, e Δ, gene has been deleted by mutation, f NT, not tested. Figure 1 . Electrophoretic mobility shift assay analysis of recombinant CsoR variants binding to the putative promoters upstream of copA (P copA ), copB (P copB ) and mco (P mco ). A) Schematic representation of copA-copZ & copB-mco operons with putative promoter sequences. B-D) Recombinant wildtype CsoR WT or the CsoR CHC mutant (CsoR C41A/H66A/C70A) were purified and tested for binding to PCR products containing the DNA sequences (~200 bp) upstream of the respective start codon, and a control DNA fragment of non-specific DNA sequence (nsDNA). B) Incubation of P copA DNA with wild type apo-CsoR, but not Cu(I)-CsoR, retards the migration of P copA . C) CsoR CHC retards migration of P copA in both the presence and absence of Cu(I). D) CsoR retards migration of P copA and P copB but not of P mco .
Figure 2.
Enhanced growth in subinhibitory concentrations of copper chloride requires expression of copper tolerance genes. Growth of S. aureus 14-2533T and MRSA252 variants was measured in TSB supplemented with sub-inhibitory (4 mM) concentrations of copper chloride (A, C) or TSB broth alone (B, D) . Growth curves representing data obtained from at least three independent experiments are presented. E) Fold change in expression of copB and mco in S. aureus cultured in TSB vs TSB with copper chloride (4 mM). The ΔΔCT method was used to determine the relative expression levels of the copB and mco genes of 14-2533T (pSCBU) and its mutants, normalised to gyrB. Presented are the means ± SD of 3 independent experiments, with statistical significance determined by ANOVA, **P<0.05 *** P<0.005. Figure 3 . Hypertolerance to copper increases resistance of S. aureus to macrophage killing. Mouse macrophage cell line (RAW264.7) was suspended in DMEM supplemented with mouse IFNγ (40 ng/mL) and Cu 2 SO 4 (40 µM) and seeded in 24 well plates at 2×10 6 cells per mL for 18h at 37°C in 5% CO 2 . 14-2533T (A) or MRSA252 (B) and derivatives were grown overnight in RPMI-1640 and then inoculated into the wells at an MOI of 10 in DMEM allowing phagocytosis for 30 min followed by killing of extracellular bacteria with gentamycin/lysostaphin for 30 min. Macrophages were then lysed at this time point (T0) and after 3h incubation (T3h) and subjected to viable count to determine the levels of bacterial survival. The CsoR C41A/H66A/C70A expressing mutants are indicated as CHC. Presented are means ± SD of three independent experiments. Statistical significance is indicated, **P<0.005 * P<0.05. ns, not significant. showing distribution of copA, copB, mco, copL genes. Trees are rooted in the longest branch (CC22 to S. aureus 08 01492; CC398 to S. aureus SO1977; CC30 to S. aureus MRSA252). Ring 1, 2, 3 and 4 show presence of copA, copB, mco, copL as blue, purple, yellow, and red.
